A pilot study on a very limited scale has been carried out in the application of the FOSMmethodology for fire safety engineering design. The methodology is based on using the mean and standard deviation from distributions in a first order approximation of a limit or failure equation. In this way it is possible to establish an expression for the safety index P both for linear and non-linear limit equations. This paper exemplifies the methodology for a practical scenario deriving the safety index P for a small shopping centre. KEYWORDS: Fire safety, probabilistic, safety index, FOSM, evacuation
The total fire safety system could be divided into a number of subsystems or design modules DM1 ... DM6. This system is based on the concepts described in recently developed performance-based design systems in Japan [I] , Australia 121, US [3] and Canada [4] and the system under development in UK [ 5 ] . A more comprehensive and detailed description of the designmodules and interactions between them is given in the quoted references, especially reference 5. The following defines the different design modules:
DM1
procedures for deriving design values (characteristic values), safety factors, site specific evaluation factors, etc DM2 calculation of fire growth in room of fire origin DM3 calculation of spread of smoke to other compartments DM4 calculation of spread of fire (flames) to other compartments DM5 calculation of times to detection and activation of active systems DM6 calculation of evacuation times.
In the integrated whole building approach, results from all these subsystems would be combined to describe primarily evacuation safety.
The objective of this paper is to describe ongoing Swedish work on design methods based on calculation and to introduce some concepts and methodologies in the area of reliability-based design. Some introductive and simplified calculations will be shown; more to illustrate the methodology then to derive practically applicable values.
CURRENT SWEDISH RESEARCH ACTIVITIES
In Sweden, a new building code was adopted in january 1994. The fire safety objectives are expressed in performance terms as far as possible but without acceptance criteria and accepted practical solutions. These will be provided by a guidance document with the following structure for each specific design situation: functional requirements as expressed by the new building code, clarification and explanation of the functional requirements, calculation methods and equations plus description, examples (calculations + accepted solutions), uncertainties, suggestions for design solutions above the minimum requirements, relevant literature.
Current research activities on this subject at the department of Fire Safety Engineering can be divided into three activities: 1. The production of the preliminary guidance document mentioned above. Probabilistic aspects such as reliability and safety factors will be treated in an ad hoc and nonquantitative way. 2 . In parallel with 1) a study of the fundamental problems in reliability-based building fire safety design. 3. Techniques of model evaluation and model validation. This paper will cover only some preliminary and introductive calculations linked to project 2.
THE SUPPLY-DEMAND R-S RELIABILITY-BASED FORMAT
The term reliability is here defined as the probabilistic measure of assurance of performance. The further discussion necessitates introduction of some of the concepts used in assessment of reliability and design based on reliability. The description will be strongly condensed and incomplete and for further information the reader is referred to standard textbook such as the one by Ang-Tang [6] .
For many fire safety engineering components or subsystems the performance may be reformulated in the following way. Let the random variables R and S be defined R = supply capacity S = demand requirement
The objective of the reliability analysis is to ensure the event R>S expressed in terms of the probability P(R>S). If the probability distributions of R and S are known and if R and S are statistically independent, probability of failure p, may be calculated by where F and f denote the cumulative distribution and frequency functions.
If R and S are normal random variable the distributions of the safety margin M
The parameter (M -pM)/oM is N(0,l) and with @ = cumulative probability function of a standard normal variate. The quantity P = pM/o,, which determines reliability p, = 1-p,, is often called reliability or safety index P. By definition, P is the safety margin expressed in units of o,.
The methodology was developed in the late 1960's (see reference 6) and has since then been systematically improved and extended in application.
Examples of application can be found in structural engineering, civil engineering, hydraulics, environmental engineering, etc. Possibly the first systematic work on the approach in the fire engineering area is a doctoral thesis from 1974, reference 7. 
THE FIRST ORDER SECOND MOMENT (FOSM) METHODOLOGY
In a reduced variate system P can be interpreted as the distance from the origin to a failure In reference 8 the following arguments can be found:
An approach based on means and variances may be all that is justified when one appreciates: ( I ) In practice X and Y may be functions of several basic random variables or design parameters.
A performance or state function g may be formulated
where X = (X,, X,, ... X,) is a vector of basic state or design variables. g (X) = 0 defines a limit state of the system and a n-dimensional failure surface. Based on a first order approximation (Taylor expansion) of the function g (X), procedures are available to find the most probable point of failure x' = (x,', x,' , ... x,' ) and the corresponding safety index P.
The point x" = (x,", x,", ... x," ) denotes the point on the failure surface with minimum distance p to the origin of a reduced variate system, see figure 2 [6] . It can show that the
as before. In a first order approximation Accordingly, P is given by b , Failure surfaces FIGURE 2 Designs corresponding to different failure surfaces.
with X' denoting a reduced variate and the derivative evaluated at x = x', which is unknown and has to be determined in the calculation prodecure. In this case it is necessary to make an integration of the joint probability density functions to obtain the probability of safety. As this is a nonattractive solution an iteration process using the same technics as for the linear case is often used in determining the safety factor. The distance to the tangent plane pertinent to the failure surface at the point (x,", x," ... x," ) is used as an approximation, making it possible to evaluate the safety index as in the linear case.
This approximation will either be on the safe or unsafe side depending on how the actual failure surface looks, figure 3 showing the two-variable-case. The term first-order, second moment is implied from the use of a linearized, first order expansion and the first two statistical moments.
The problem is that the point xi' is not known which makes the iteration process necessary. The most probable failure point in the reduced variable space is where a,' is the direction cosines in the x,' direction The derivates are evaluated at (x,'", x," ... x,'" ) which gives I* xi* = ox, xi + Px, = Px, -ai' ax, P
If this expression is put into the limit equation and solved for g(X) = 0 then the P value has been obtained.
Rackwitz has suggested the following simple numerical algorithm which is outlined in reference 6.
1. Assume initial values of x,' for i = 1, 2, 3 ... n.
3. Evaluate -and a,' at x,'
(::I)* 4. Calculate xi8 = p5 -a* ax, P 5. Substitute x,* in g(x,*, x,'... x,' ) = 0 and solve for P 6 . Use p to improve the values of x,'* = -a, p
7.
Repeat steps 3 to 6 until convergence of P is obtained
In the case where the distributions of X, are nonnormal, it is necessary to transform X, into equivalent normal distributions. Techniques for this process is available.
EVALUATION OF P FOR A SIMPLIFIED EXAMPLE
To illustrate the methodology we choose a much simplified example, evacuation times for a small shopping centre, 40 Some of the assumptions are rather uncertain but assumed acceptable in this exampel. The reason for choosing lognormal distribution is that this distribution is often found to provide a good representation for physical quantities that are constrained to being non-negative, that are positively showed and with an order-of-magnitude uncertainties.
The resulting probability of failure p, has been calculated by two methods -analytical, FOSM and -Monte Carlo simulation.
The FOSM Methodology
As all the varying parameters; q, R and N are nonnormally distributed and the methodology demands them to be normally distributed, a transformation of the parameters has to be performed. In this case, where the parameters are lognormally distributed, the procedure is rather simple due to the close relationship between lognormal and normal distributions. After the transformation, the parameter Xi will be described with mean px," and standard deviation ox"here N indicates equivalent normal distribution.
The parameters describing the lognormal distribution are 5 and h where which gives the lognormal parameters
The equivalent normal distribution parameters p,," and ox: are given as The direction cosines can then be calculated according to eq (1 1) as
The following equations can then be set up q* = p : -CL~* 0 : p = 0.0147 + 0.01 13 p R * = p R N -%*cRN P = 82.2+91.6 P After a number of iterations P will reach the value of 2.0. The probability of failure can then be calculated as which is approximately 2.3 %.
The above calculations were carried out by hand and for a simplified example. Commercial software is available to handle more complex and realistic calculations.
Monte Carlo Simulation
The same scenario was also simulated using the Monte Carlo technique but with the original distribution of q, R and N. The number of samples in the simulation was 10 000. The simulated probability density function PDF S-D-R-E is shown in figure 4 . The mean value of S-D-R-E which is the margin of safety is 328 seconds and the standard deviation is 135 seconds which gives a p-value of 2.4. It should be noted that the distribution of the result is not normally distributed. The probability of failure which is almost the same result as for the analytical calculation. The p,-value is also a result of the numerical simulation.
IMPORTANCE OF CHANGES IN THE INPUT DATA
The input statistical parameters were chosen subjectively and mainly based on expert opinion.
It follows that it would be of value to investigate how P, and P vary with changes in the characterization of the input parameters. Such a sensitivity analysis has not been carried out in this work and the results must therefore be seen to be preliminary.
It should be noted that a proper sensitivity analysis is essential for any future work of this kind and that the final distribution parameters should be based on comprehencive statistical investigations.
CONCLUSIONS
A pilot study on a very limited scale has been camed out on the application of the FOSMmethodology to fire safety engineering design. It has been demonstrated that the methodology makes possible an ordered and structured quantitative evaluation of the safety levels inherent in component fire safety systems. In a practical design situation, much of the input data has to be derived by use of subjective judgement. To be of use for regulatory purposes, input data must be standardized according to building classification unless reliable statistical data are available. This is a weakness, though, which is characteristic for the general area of fire safety design based on calculation and which is not specific for the FOSM-methodology, This report is the first of a series from a project dealing with performance and the calculation of safety levels in building fire safety design.
